Based on the Thomas-Fermi solution for compressed atoms, we study electric pulsations of electron number-density, pressure and electric fields, which can be caused by an external perturbations acting on the atom. We numerically obtain the eigen-frequencies and eigen-functions for stationary pulsation modes that fulfill the boundary-value problem established by electron-number and energy-momentum conservation, equation of state, laws of thermodynamics, and Maxwell's equations, as well as physical boundary conditions. The lowest-lying eigen-frequency is about a few keV depending on the atomic number Z and the radius of the compressed atoms. In addition, assuming all electrons compressed to the nuclear core, which can be of either microscopic or macroscopic dimension, we obtain an analytical solution. For large Z the lowest-lying eigen-frequency of this solution ω 1 ≈ 2α 1/2 n e 1/3 ≈ 2.1 MeV, when the average electron-density n e of the nuclear core is about the nuclear density. We mention the possible applications of these results to both atomic physics and astrophysics. Moreover, we discuss some possibilities to trigger or stimulate these electric pulsation modes, leading to consequences for experimental observations.
While it turned out to be of limited use in the realm of atomic physics, it has been applied very successfully in astrophysical settings (see for example Refs. [13] [14] [15] [16] [17] ).
In this article, on the basis of the Thomas-Fermi solution, namely the equilibrium configurations of electrons in compressed atoms with the proton number Z 100, we investigate spherically radial perturbations (electric pulsations) upon the equilibrium configurations.
The electrons around a static nucleus are treated as a perfect fluid described by thermodynamic number-density (n), energy-density (ρ) and pressure (p) with non-vanishing electric potential and field. In addition to the equation of state at zero temperature, these physical quantities fully obey the Maxwell field-equation, Euler equation and the first thermodynamical law that follows from electron-number and energy-momentum conservations. This system is completely determined with appropriate physical boundary conditions. In order to study the perturbative electric pulsations, we have linearized these relations and equations, based on the prescription of non-relativistic Eulerian and Lagrangian perturbations of the Thomas-Fermi equilibrium configurations. As a result we obtain a homogeneous and second-order differential equation for perturbations satisfying appropriate physical boundary conditions.
As the first step, we focus on the stationary solution (∝ e iωt ) with the characteristic eigen-frequencies ω of electric perturbations (pulsations) of the Thomas-Fermi system, so as to understand what are time-scales (inverse frequencies) at which the system responds to external actions. Numerically or analytically solving this well-defined eigenvalue problem,
we have obtained the eigen-frequencies and eigen-functions for electric perturbations of the Thomas-Fermi equilibrium configurations in spherical symmetry. As will be discussed, our study is an analogy of the classical investigation of stellar stability against gravitational pulsations [18, 19] . We have drawn our attention to the non-and ultra-relativistic limits corresponding to the polytropic equations of state (p ∝n Γ 1 ) with adiabatic index Γ 1 = 5/3
and Γ 1 = 4/3. We present discussions on the physical relevance of our results and possible experimental testability in atomic physics, as well as the implications of electric pulsations on neutron star cores in astrophysics.
The article is organized as follows: In Sec. II, we present fundamental equations, including the equation of state, describing the dynamics of an electron fluid in electromagnetic fields.
In Sec. III, we show that in the static case these equations are reduced to the Thomas-Fermi equation , and its solution is presented. In Secs. IV and V, we discuss the linear perturbations of the Thomas-Fermi solution, and derive the dynamical equations and boundary conditions that govern these perturbations, as well as obtain their stationary solutions by numerical and analytical methods. In the final Sec. VI, we present some discussions on the physical relevance of our results and the possible observational effects. We use the electron charge −e, natural units with = c = 1 and Gauss convention for electrodynamics throughout the article, unless otherwise specified.
II. BASIC EQUATIONS OF A PERFECT ELECTRON FLUID
In the Thomas-Fermi model electrons around a nucleus are described as a perfect electronfluid with the energy-momentum tensor (see for example Ref. [20] )
and the chemical potential µ = (ρ +p)/n, whereρ,n andp are the energy, and number densities and pressure of the electron-fluid in the comoving frame. The motion of a fluidelement is described by its four velocity U µ . The basic equations that govern the system are the electron-number conservation (electric current J µ = −enU µ conservation):
and energy-momentum conservation: (i) along the fluid flow line (see for example Refs. [21, 22] ),
(ii) in the orthogonal direction to the flow line (see for example Refs. [23, 24] ),
which is the Euler equation of the electron-fluid. In addition, the Maxwell field equations can be summarized by the divergence equation
and the Bianchi identity ∇ [µ F νλ] = 0, where the electromagnetic field tensor is
Using the covariant derivative ∇ µ , we work in non-Cartesian, spherical coordinates to explicitly express components of these equations.
Equation (3) is actually equivalent to the first law of thermodynamics along the flow line of the perfect electron. Eqs. (2) and (3) together imply (see for example Refs. [20, 21] )
The pressure, number-and energy-densities of the perfect electron-fluid are given bȳ
and (10)
with the Fermi momentum P F = (3π 2n ) 1/3 , the energy spectrum of a free electron p 0 = (p 2 + m 2 e ) 1/2 as well as electron momentum p and mass m e . In the non-relativistic limit P F /m e → 0, the electron energy density and pressure have the expansions In the ultra-relativistic limit m e /P F → 0 the electron energy density and pressure have the expansionsρ
For such a system of electron fluid, the fully relativistic equation of state (EOS) is exactly obtained from Eqs. (8) and (11) 
where Γ 1 stands for the adiabatic index andp ∝n Γ 1 . In the non-relativistic limit, the adiabatic index Γ 1 = 5/3. In the ultra-relativistic limit Γ 1 = 4/3. For detailed discussions of non-and ultra-relativistic limits, see Refs. [20, 25] .
III. THE THOMAS-FERMI MODEL FOR ELECTRONS IN ATOMS
In the following Sections, we will treat the electric pulsation phenomenon of neutral atoms as a linear perturbation of an equilibrium configuration of electrons surrounding a finite size nucleus. To obtain the equilibrium configuration, we adopt the Thomas-Fermi model and assume that the nucleus has homogeneous density and charge distributions. First we present the Thomas-Fermi equation in its full relativistic form, from which we then derive its nonand ultra-relativistic limits. In the spherically symmetric case, the fully relativistic ThomasFermi model at zero temperature is given by [1, 2, 26 ]
and the Poisson equation
which is the static limit of Maxwell's equation (5) with four potential A µ = (V (x), 0, 0, 0) and four velocity U µ = (1, 0, 0, 0). In addition to the equivalence of Poisson's equation (16) to Maxwell's equation (5) under our adopted symmetries, we want to show the equivalence of 
This should coincide with the aforementioned static Euler equation, which is the timeindependent version of Eq. (4) and reads
From Eq. (8) for the pressure, we calculatē
where we used n = (P F ) 3 /3π 2 in the last step. Plugging (19) into (18) we obtain Eq. (17).
In conclusion, we proved that the Thomas-Fermi model is equivalent to the particular static versions of Euler's equation (4) and Maxwell's equation (5) .
In order to express the equations in the scale of the pion Compton length λ π = 1/m π , we introduce a dimensionless radial coordinate x = r/λ π , which will be used throughout the paper. Eqs. (16) and (17) become (see Refs. [15] [16] [17] 
where the fine-structure constant α ≡ e 2 /4π, the function χ(x)/x ≡ eV (x) + E F , and the nucleus radius x c ≡ ∆ Z 1/3 . The number of protons inside the nucleus is denoted by Z, and ∆ is a parameter for the positive charge density ∆ ≈ 1 (> 1) for nuclear (subnuclear)
densities. The Heavyside function θ(x) is used to model an homogeneously charged nucleus.
Moreover, we consider a compressed atom, i.e. all electrons are compressed around the nucleus in a spherical region with a finite radius x max . Therefore, Eqs. (15) and (20) have to be solved with boundary conditions (see Refs. [15] [16] [17] 26] )
which correspond to a finite Fermi momentum (or number-density) at the origin and a vanishing pressure gradient (19) at the boundary, respectively. At the boundary, we impose that the electrostatic potential V (x max ) and field E(x max ) vanish, the Fermi energy is given by
Then using Eq. (15) at the boundary (x max ) of the atom, we can obtain the Fermi-momentum P F (x max ) in terms of the Fermi-energy of Eq. (22) . From Eq. (8) for the pressure, as shown in Fig. 2 , we obtain the relation between the radius x max of the compressed atom and the pressurep(x max ) at the boundary (see also Ref. [26] ). The number-density can be recovered
As an example shown in Fig. 1 , we numerically solve this boundary problem and obtain the equilibrium configuration for a compressed atom of Americium (Z=95) characterized by pressure, electric field, number-and energy-densities labeled by the subscript "eq" in the following Sections. For an Americum nucleus we assume throughout the paper a radius of x c = 7.805 fm = 5.521 λ π , based on the nuclear densityn nucl = 0.122 fm −3 , and corresponding to a density parameter of ∆ = 1.210. We have also considered the solutions both in the non-relativistic limit (12) and the ultra-relativistic limit (13) for some comparisons that will be discussed below. 
IV. THE LINEAR PERTURBATION
We turn to study the main subject of this article: the electric pulsation of compressed atoms, namely, a small perturbation of an equilibrium configuration of electrons around a nucleus of finite size. In spherical symmetry, this perturbation is described by an infinitesimal and radial displacement field ξ(t, r) of a fluid element in the laboratory frame, and its coordinate-time derivativeξ ≡ dξ/dt gives the four-velocity of the fluid element,
The velocityξ is related to the Lorentz gamma factor by γ = (1 −ξ 2 ) −1/2 . One can define so-called Eulerian perturbations (see for example Ref. [19] )
for physical quantities O = (n,p, E). Eq. (25) indicates by which amount these quantities differ at a certain space-time event (t, x) in a perturbed configuration w.r.t. the same spacetime event in the equilibrium configuration. These perturbations δO(t, x) are expressed in the coordinates of the laboratory frame. The thermodynamic quantities, for examplen and p, and the lwas of thermodynamics, are measured in the frame comoving with the respective fluid element. The Eulerian perturbations, for example δn and δp, are associated with a fixed point in the laboratory frame. We further introduce the so-called Lagrangian perturbations half of its atomic radius (3.3 a 0 ). We chose the boundary perturbation ξ(x max ) = 10 −2 x max , about one percent of the size of the compressed atom. The depicted modes are n = 1 (solid), n = 2 (dashed) and n = 3 (dotted).
(see for example Ref. [19] )
for physical quantities O = (n,p, E). Eq. (26) indicates by which amount these quantities of a perturbed fluid element (t, x) moving with four velocity U µ = (γ, γξ, 0, 0) differ from their counterparts of the same fluid element (t, x) in the equilibrium configuration at rest in the laboratory frame. In the following we will always assume the displacement field ξ to be small enough that we are allowed to perform a Taylor expansion in powers of ξ and apply the linear approximation of Eq. (26) . In addition we will assume non-relativistic perturbationṡ
. This approximation is justified only for non-relativistic perturbationsξ = ω ξ ≪ 1 for stationary modes ξ ∝ e iωt of eigen-frequency ω. This condition imposes a further ω-dependent constraint on ξ, the linear approximation breaks down at large frequencies ω if ξ is not chosen small enough.
In the linear approximation, we calculate the Lagrangian perturbations ∆n, ∆p and ∆E in terms of ξ. First we obtain ∆n by using the particle-number conservation (2)
Using Eq. (24) and the time-independence of the equilibrium configuration, Eq. (27) gives
to the first order in ξ and with appropriate integration constant. The definition of the adiabatic index Γ 1 of Eq. (14) provides us with a relation between ∆n and ∆p which reads
This implies the identity
in linear approximation. The Eulerian perturbations δn and δp follow from Eqs. 
and integrating in time, we obtain δE = 4π en ξ.
From Eq. (30) we can obtain the Lagrangian perturbation of the electric field as
and in particular for the non-vanishing radial component
where the proton-number densityn p = 3/(4π∆ 3 )θ(x c − x) . In Eq. (31) we observe that the relative perturbation ∆E/E is finite, while ∆E and E vanish at x = x max , as requested. In linear approximation, we express the Euler equation (4) in terms of ξ(t, x), δn(t, x), δp(t, x) and δE(t, x), and obtain the following equation
Using Eqs. (26) and (27) (28) (29) (30) (31) , Eq. (32) induces the second-order partial differential equation
where we expressed all variations in terms of ξ and the quantitiesn eq ,ρ eq ,p eq and E eq in a given equilibrium configuration with fixed x c , Z and x = x max , as discussed in Sec. III.
To obtain the numerical functionsn eq ,ρ eq ,p eq and E eq in Eq. (33), we numerically solve Eq. (20) with boundary conditions (21) for varying radii of compression x max , an example for this is shown in Fig. 1 . In order to the compare the different approaches, we have also obtained the numerical solutions to the non-relativistic limit (12) of Eq. (20) .
We are now in the position of finding stationary solutions ξ(t, x) = ξ(x)e −iωt to Eq. (33) by replacingξ → −ω 2 ξ in Eq. (33). By varying ω to match boundary conditions, we numerically solve this boundary-value problem so as to obtain the eigen-frequencies ω n corresponding to the eigen-modes ξ n of perturbation. These boundary conditions are the following. First, the Lagrangian perturbation of pressure ∆p ∝ ∇ x ξ = x −2 ∂ x (x 2 ξ) should vanish at the boundary (x = x max ) of the configuration (see for example Ref. [19] ). This leads to the boundary condition
Second, at the origin, it is demanded that ξ/x be finite or zero as x → 0 in order for the perturbations to be finite (see for example Ref. [19] ). As a result we obtained a few of the lowest-lying eigen-modes (n = 1, 2, 3) by numerically solving the boundary problem well- show the three lowest-lying modes ξ n (x) and ω n (x max ) for n = 1, 2, 3, where the integer n indicates the number of zero points of the perturbation field ξ(x). We make a consistency check that the condition ξ n (x)ω n ≪ 1 is fully satisfied in the entire region [0, x max ] of the atom, indicating the validity of the linear approximation.
In order to illustrate the perturbations of the equilibrium configuration, in Figs. 6 we plot the Lagrangian perturbations ∆n, ∆p, and ∆E respectively, corresponding to the first and third (n = 1, 3) eigen-modes presented in Fig. 3 . It shows that the relative perturbations of the electric field and thermodynamical quantities are smaller than 10 −5 for ξ(x max ) ≈ 10 −2 x max , the perturbations near to the boundary are larger than the perturbations near to the center, which vanish at the origin. In particular, we show in Fig. 7 the electric field in the equilibrium configuration and its Lagrangian perturbation near to the nuclear core.
As shown in Fig. 4 , the eigen-frequencies ω n of the perturbation modes ξ n increase as the radius of compression x max decreases. For the lowest-lying eigen-frequency ω 1 , we find that to a good approximation ω 1 ∝ x −α/3 max ∝ n e α/3 ≈ n e 1/3 in the ultra-relativistic regime of very high compression, see Figure 5 . This is to be compared to the analytical expression (38) that we will derive in the next section. In the non-relativistic regime of low compression we fit a relation ω 1 ∝ x −β/3 max ∝ n e β/3 with β ≈ 2.4. The average electron density is defined as n e = 3Z/(4π x 3 max ). Using the relation between the radius x max of the compressed atom and the pressurep at the boundary x max , given in Fig. 2 , we can obtain the eigen-frequencies (ω n ) in terms of an external pressure that may be realized in ground laboratories. It is important to note that the eigen-frequencies ω n we obtain by solving this boundary-value problem are completely independent of ξ(x max )-values chosen, provided the linear approximation is valid for ω n ξ(x) ≪ 1. However, the amplitudes of the Lagrangian perturbations ∆n, ∆p and ∆E depend on the ξ(x max )-values chosen. We will discuss this in the concluding section. In Fig. 8 , we compare the eigen-frequencies (ω n ) obtained in the non-relativistic treatment (12) to the ones obtained in the full relativistic treatment. As expected, the accuracy of the nonrelativistic treatment (12) gets worse in particular for higher eigen-modes of perturbations, as the atom is compressed and the number-density of electrons reaches the relativistic regime near the nucleus. In higher eigen-modes of perturbations, more electrons distribute near to the center and penetrate further into the nucleus, this leads to an increase of electron number-density, then reaching relativistic regimes.
Before ending this section, it is worthwhile to mention that the pressurep does not vanish at the boundary of compressed atoms, although its Lagrangian perturbation ∆p vanishes. If there was no pressurep to compress the atom, due to the screening effect of the Coulomb potential of protons and electrons, the boundary of atoms would extent to infinity, so that numerically solving this boundary-value problem turns out to be impossible, as the pulsation frequencies all vanish. This is in contrast to the case of a self-gravitating system that has finite boundary without compression due to the anti-screening effect of the gravitational potential of matter. In fact, the screening effect of electromagnetic interaction and the antiscreening effect of gravitational interaction are essentially different for electric pulsation and gravitational pulsation, the former is stable and the latter can lead to unstable configurations [18, 19] .
V. EXACT SOLUTION FOR COMPRESSION TO NUCLEAR RADIUS
In this section we discuss a peculiar situation that the equilibrium configurations of electrons have identical distributions to the distributions of positive charged nuclear cores, namely all electrons have been compressed into the nuclear core at/over the nuclear density.
In the ultra-relativistic framework this situation can be attained either exactly by a very high external pressure or approximately by a strong electric force due to large proton-number Z ≫ 1 and a number-density at/over the nuclear density. The latter case is particularly interesting for the study of neutron star cores (see for example Refs. [15] [16] [17] 27] ). The reason why we are interested in this situation is that the exact solution of eigen-frequencies ω n and eigenfunctions ξ n to this boundary-value problem for perturbations can be analytically obtained, so that we can clearly discuss the phenomenon of electric perturbations (pulsations) and its possible observational effects.
In this peculiar equilibrium configurations, the ultra-relativistic treatment is justified because the electron number-density is over the nuclear density so that the electron Fermimomentum is much larger than the electron mass. Taking the ultra-relativistic limit of Eq. (20) and replacing the Heaviside function by unity, because the domain of interest is restricted to the interior of the nucleus (nuclear core), we arrive at the equation 1 3x
with boundary conditions (21), where the radius of compression is set to the nuclear radius
The solution for the equilibrium configuration is simple and reads
i.e. the electrons are homogeneously distributed as are the protons, local neutrality follows, and electric charges cancel completely. Inserting (36) into (33) we find the second order differential equation
for the perturbation of the electron fluid. Invoking the first boundary condition at the origin ξ(x → 0) → 0 we see that the solutions must be of the form
where C is a constant and j l (z), l = 0, 1, 2, · · · denotes the spherical Bessel function of the first kind. To fulfill the boundary condition (34) we demand that κ = κ n = πn/x max , leading to the eigen-frequencies In the case that all electrons are compressed into the nuclear core (density ∆ = 1) of radius x max = x c = 10 λ π , we plot the exact eigen-functions ξ n (x), n = 1, 2, 3 with ξ n (x max ) = 3 · 10 −7 x max n −1 . In order to present all three eigen functions in the same figure, we chose different boundary values ξ n (x max ). The depicted modes are n = 1 (solid), n = 2 (dashed), and n = 3 (dotted).
and eigen-function ξ n (x) = C j 1 (κ n x) for the perturbation modes. The constant C is determined by the boundary value ξ n (x max ) and the trivial solution n = 0 is excluded. Thus we have obtained an analytical expression for electronic perturbation (pulsation) modes for the case that all electrons are compressed to the radius of the nuclear core.
The lower-lying frequencies (ω n , n = 1, 2, 3) are shown in Fig. 10 . For large Z the lowestlying frequency reads
for the electron number-density n e =n e =n p , where the proton number-density is approximately equal to the nuclear number-densityn nucl ≈ m 3 π for ∆ ≈ 1. These eigen-frequencies ω n are approximately independent of the total proton number Z, provided the numberdensity of protons is constant. This implies that our result (38) is equally applicable for small atoms Z ∼ 100 and giant atoms Z ≫ 1, like neutron star cores.
Choosing ξ n (x max ) = 3/n · 10 −7 x max , we show the lower-lying modes ξ n (x), n = 1, 2, 3
in Fig. 9 . We notice that in contrast to Fig. 3 , perturbations are larger in the interior region than the ones near to the boundary. Analogously to Fig. 6 , we plot the Lagrangian perturbations ∆n, ∆p and ∆E in Fig. 11 . It is shown that the relative perturbations of electric field and thermodynamical quantities are significantly larger than their counterparts presented in Fig. 6 , although the perturbation ξ(x max ) at the boundary is smaller. This is due to the fact that in this peculiar situation the electron number-density is largest, and equal to the nuclear density, the equilibrium configuration is in the ultra-relativistic limit Γ 1 ≈ 4/3 and the EOS becomes less stiff. For the ξ(x max )-value chosen, which is related to the arbitrary constant C in Eq. (37), we checked that ω n ξ(x) ≪ 1 to confirm the validity of the linear approximation.
VI. CONCLUSIONS AND REMARKS.
Based on the approach of linear approximation, we quantitatively study the electric perturbation (pulsation) of the Thomas-Fermi equilibrium configurations of neutral atoms and neutron star cores with fixed proton number-density n p and compression radius x max . The eigen-frequencies ω n and eigen-functions ξ n (x) of these electric perturbations are completely determined, except the absolute amplitude of ξ n (x), corresponding to the arbitrary factor C in Eq. (37). The absolute amplitude of ξ n (x) has in general to be determined by the space-time dependent strengths of external sources which initially trigger or continuously stimulate electric perturbations. In this case, the boundary-value problem turns out to be inhomogeneous in Eq. (33) and/or boundary conditions (34). This is a subject of study in our next work [32] . In the present article, we have completely determined the eigenfrequencies ω n by choosing ξ(x max )-values in such a way that the linear approximation is valid for ω n ξ n (x) ≪ 1. The amplitudes of eigen-functions ξ n (x), as well as the corresponding Lagrangian perturbations of thermodynamical quantities ∆n, ∆ρ, ∆p and electric field ∆E are determined up to a constant factor, like C in Eq. (37).
Naturally the question arises whether the eigen-frequencies ω n , in particular the lowestlying one ω 1 , can be experimentally tested, since these eigen-frequencies ω n are characteristic frequencies (time scales) of the Thomas-Fermi system responding to any external action.
In order to simplify the boundary-value problem and numerical calculation, we adopt a spherically symmetric model and find the eigen-frequencies and eigen-functions for spherical electric pulsations in the radial direction. Such spherical electric pulsations (the monopole vibrations) do not emit electromagnetic radiation (spin-one) due to the conservation of angular momentum. However, if atoms or neutron star cores do not possess the exact spherical symmetry, the dipole-component of electric pulsations appears, and this possibly leads to electromagnetic radiation with discrete frequencies. The same discussion can be applied for the resonant phenomenon in which electromagnetic radiation (photons) with frequency ∆ω = ω n+1 − ω n is absorbed by the electric pulsation, which transits from the eigen-state ξ n to the eigen-state ξ n+1 , in the analogy of quantized atoms with small atomic number Z. The higher the pressure, the larger is the resonance frequency. In this article,
we use an atom of Americium compressed to 1.65 a 0 as an example for presenting our calculations and results. At present the highest pressures achievable by means of diamond anvil cells or similar devices are above 300 GPa [28, 29] , which is still two orders of magnitude below the 42.1 TPa that are necessary to compress the Americium atom to 1.65 a 0 (see Figure   2 ). However, the calculation can easily be repeated for lower pressures, corresponding to larger compression radii and lower eigen-frequencies. The results obtained for compressed atoms could as well be applied to matter that appears at high densities in astrophysical environments, for instance in planets, stars and white dwarfs.
The analytical pulsation frequencies obtained for the peculiar equilibrium configuration in Sec. V could find their application in the context of neutral nuclear matter at/over nuclear density, for instance neutron star cores. The electrons and protons approximately have the same density profiles and occupy the same volume, except the very thin layer on the surface of neutron stars [15] [16] [17] 27] . The eigen-frequencies (38) in particular the fundamental one (39) indicate that the time scale of the electron equilibrium configuration respond (react), in the form of electric pulsations of density, pressure and electric field, to any external perturbation from nuclear cores at the rate ω nucl m π > 2.1 MeV (see discussions given in Ref. [22, 30] ).
As mentioned above, this could induce some electromagnetic dipole radiation if spherical symmetry is violated. Moreover, if the amplitude of a perturbation is so large that the perturbation of the electric field is over the critical value E c = m 2 e c 3 /(e 2 ), electron-positron pairs are produced, leading to some observational consequences (see Ref. [22, 30] ).
To end this article, we briefly discuss the possibilities of external perturbations from nuclear cores, which probably cause the phenomenon of electronic pulsations discussed in this article. As an example, in Ref. [31] , the nuclear breathing modes of nuclear collective motion at the time scale of the nuclear force were discussed. We attempt to model the perturbation of nuclear cores and solve the inhomogeneous boundary-value problem to have further understanding of electric pulsations of compressed atoms [32] . In addition, one could speculate that neutral particles like neutrons or neutrinos scattering on compressed atoms could induce the perturbations of nuclear cores at a proper rate substantially larger than the characteristic frequencies ω n (rates) shown in Fig. 4 , so as to induce the electric pulsations of compressed atoms. If the induced electric pulsation is large enough, we expect that its physical consequences, including the creation of electron-positron pairs, could be experimentally testable. It is worthwhile to mention that in gravitational collapses of macroscopic cores at/over nuclear density, strong dynamical variations of collapsing cores can be induced at or over the rate of nuclear interactions, which cannot be treated as linear perturbations, and these variation are no longer stationary. Non-perturbative calculations showed that this results in strong variations of the electric field, leading to the formation of electron-positron pairs and photons at high energy-and number-densities [22, 30] . Further quantitative studies on this issue are very important.
